Polycomb group (PcG) proteins repress homeotic genes and other developmental regulatory genes in cells where these genes must remain inactive during development. In Drosophila and in vertebrates, PcG proteins exist in two distinct multiprotein complexes, the Esc/Eed -E(z) complex and PRC1. Drosophila PRC1 contains Polycomb, Posterior sexcombs and Polyhomeotic, the products of three PcG genes that are critically needed for PcG silencing. Formation of stable PRC1 requires Ring, the product of a gene for which no mutations have been described. Here, we show that Sex combs extra (Sce) encodes Ring and that Sce/Ring function is critically required for PcG silencing. q
Introduction
In Drosophila and in vertebrates, Polycomb Group (PcG) proteins function as repressors that maintain homeotic genes silenced in cells in which these genes must remain inactive (Kennison, 1995; Pirrotta, 1998; . PcG genes are structurally and functionally conserved in animals and exist in at least two distinct multiprotein complexes that have recently been characterized. The Esc -E(z) complex, a histone methyltransferase, contains Esc, E(z) and Su(z)12, three proteins that were originally identified as PcG repressors in genetic studies in Drosophila (Struhl, 1981; Jones and Gelbart, 1990; Birve et al., 2001; Cao et al., 2002; Czermin et al., 2002; Kuzmichev et al., 2002; Müller et al., 2002) . A second PcG complex, Polycomb repressive complex 1 (PRC1), was first purified as a very large multiprotein complex from Drosophila and found to contain not only PcG proteins but also subunits of TFIID and other polypeptides (Shao et al., 1999; Saurin et al., 2001 ). PRC1 does not contain any enzymatic activity but, in in vitro assays, it blocks chromatin remodeling by the human SWI/SNF complex (Shao et al., 1999) . The core of Drosophila PRC1 (dPRC1) consists of Polycomb (Pc), Posterior sexcombs (Psc), Polyhomeotic (Ph) and the Ring protein, and a recombinant complex reconstituted from these four proteins is sufficient to inhibit chromatin remodeling by SWI/SNF complexes . The corresponding human complex hPRC-H contains mammalian homologues of these proteins and, like dPRC1, it also inhibits chromatin remodeling by SWI/SNF complexes in in vitro assays Satijn and Otte, 1999; Levine et al., 2002) .
Pc, Psc and Ph, three of the four Drosophila PRC1 core components are encoded by classical PcG loci that were originally identified due to mutant phenotypes which suggested that their products are required for the repression of multiple homeotic genes. Pc, Psc and ph are indeed all critically required to keep homeotic genes silenced throughout development (Simon et al., 1992; Soto et al., 1995; Beuchle et al., 2001) . However, reconstitution of dPRC1 core complexes in vitro also requires the presence of Ring ). This observation implies that Ring may also be critically required for PRC1-mediated repression, and one might therefore expect Ring mutants to show a strong PcG phenotype. However, to date, no mutations in the Drosophila Ring locus have been described. The single Drosophila Ring gene (CG5595) has been mapped cytogenetically to position 98B (flybase.org). A previously described PcG locus, Sex combs extra (Sce) that is defined by a single mutant allele (Sce 1 ), was genetically mapped to the same chromosomal region (Breen and Duncan, 1986) . Here, we report the isolation of a novel Sce allele, an analysis of the Sce phenotype, and we show that Sce encodes Ring.
Results
In a genetic screen for new PcG mutants (D.B., C.F. and J.M. unpublished), we recently identified a novel Sce allele, Sce 33M2 , which does not complement the Sce 1 allele previously identified by Breen and Duncan (1986) . We first analyzed and compared the embryonic phenotype of Sce 33M2 and Sce 1 mutants by staining homozygous embryos with antibodies against the protein products of the homeotic gene Ultrabithorax (Ubx). In both mutants, we find that Ubx is misexpressed but that misexpression is more widespread in Sce 1 homozygotes than in Sce 33M2 homozygotes ( Fig. 1 ; McKeon and Brock, 1991) . In the case of most PcG genes, maternally deposited wild-type products rescue homozygous mutant embryos to a certain extent, and this is also true for Sce (Breen and Duncan, 1986 , all thoracic and abdominal segment are transformed into nearly perfect copies of the eighth abdominal segment due to misexpression of Abd-B in every segment. In the case of Sce 33M2 the transformation into more posterior abdominal segments is less complete although the thoracic denticle belts are abdominal in character and head involution is incomplete. In each embryo, denticle belts in the first (white arrowhead) and eighth abdominal segment (white arrow) are indicated. mutant clones show misexpression of Ubx and Abdominal-B (Abd-B) protein, although misexpression is slightly weaker in Sce 33M2 mutant clones compared to Sce 1 mutant clones (Fig. 2) . These results show that silencing of homeotic genes requires Sce function throughout development. The clonal analysis also supports our allele classification; Sce 33M2 appears to be a weaker allele than Sce 1 . By recombination mapping, Breen and Duncan (1986) located Sce 1 to region 3 -92 on the genetic map. This map position approximately corresponds to the chromosomal interval harboring the Ring locus in 98A. We used a candidate gene approach to test whether Sce encodes Ring and checked the Ring coding sequence for molecular lesions. The Ring coding region was PCR-amplified from genomic DNA prepared from Sce 1 and Sce 33M2 mutants and sequenced. This analysis revealed that both alleles show a distinct molecular lesion. Sce 1 carries a 410 bp deletion that removes the codons for the C-terminal 113 amino acids as well as the intron and 12 nucleotides of the 3 0 untranslated region downstream of the termination codon (Fig. 3) .
The Ring ORF in the Sce 1 allele therefore encodes a truncated Ring protein (Ring 1 -322 ) that is fused in frame to 23 novel amino acid codons that are encoded by the 3 0 UTR. We note that the predicted polyadenylation signal is still present in the Sce 1 allele. In Sce 33M2 , we found a single base substitution that changes the codon for Arg 65 in the middle of the RING finger into a codon for Cys (Fig. 3) . This arginine, immediately adjacent to the histidine in the C3HC4 Ring-finger, is conserved in the mammalian RING1A and RING1B proteins and in database searches we found no Ring finger protein containing a cysteine at this position. Substitution of Arg by Cys at this position might perturb the structure of the RING finger and/or interaction with other proteins (see Section 3). The slightly weaker phenotype of Sce 33M2 mutants compared to Sce 1 mutants suggests that this protein is probably expressed and provides at least some Sce þ function. Taken together, the molecular characterization of these two Sce alleles reveals that Sce encodes the Ring protein. We shall therefore call this locus Sce/Ring. or Sce 33M2 were stained with antibodies against GFP (green) and Ubx or Abd-B (red), as indicated. In all cases, clones were induced 96hrs before analysis. Strong misexpression of Ubx is seen in Sce 1 and in Sce 33M2 mutant clones but Abd-B signal is weaker in Sce 33M2 mutant clones compared to Sce 1 mutant clones. Note also that misexpression is mainly observed in the wing pouch; clones in the prospective notum and wing hinge show only very low or no misexpression, suggesting that, 96 h after clone induction, both homeotic genes are still stably silenced in these cells (see also Beuchle et al., 2001 ).
Discussion
Reconstitution of stable Drosophila PRC1 in vitro requires the Ring protein ). Here, we show that Sce encodes Ring and, together with earlier studies, that mutations in Sce/Ring cause misexpression of homeotic genes that is as severe as misexpression caused by mutations in Psc, ph and Pc, the other three PRC1 core components (Lawrence et al., 1983; Breen and Duncan, 1986; Dura and Ingham, 1988; Simon et al., 1992; Soto et al., 1995; Beuchle et al., 2001) . The extreme PcG phenotype of Sce mutants provides strong support for the idea that Sce/Ring protein is strictly required for formation and function of PRC1 in Drosophila.
At present, it is not known how Sce/Ring integrates into PRC1 in Drosophila but studies on the mammalian RING1 proteins suggest that the C-terminal domain of RING1B interacts with the C-terminal repressor domain of M33, the mammalian homologue of Drosophila Pc (Schoorlemmer et al., 1997) . Similarly, in yeast twohybrid assays, the RING finger of RING1B has been found to interact with the RING finger of Bmi-1, the orthologue of Psc in the mammalian PRC1 complex (Hemenway et al., 1998; Satijn and Otte, 1999; Levine et al., 2002) . Hence, it appears that RING1 proteins contain two functional domains, a N-terminal RING finger domain that interacts with RING finger proteins such as Bmi-1 and a C-terminal domain that interacts with M33/Pc. The molecular lesions in Sce 1 and Sce
33M2
and the strong PcG phenotypes observed in both mutants suggest that both domains are needed for PcG silencing, although, at present, we do not know whether the mutant proteins encoded by either of these two alleles are expressed as stable polypeptides in vivo. We also note that, formally, we cannot exclude the possibility that Sce 1 is not a null allele, although the extreme PcG phenotype suggests that it may be a null mutation with respect to homoetic gene silencing. The strong PcG phenotype of Sce/Ring mutants in Drosophila provides an interesting comparison with the phenotypes of Ring1 A and Ring1 B mutant mice. Ring1 A null mutant mice show anteriorly directed transformations, whereas most other mouse PcG mutants show posteriorly directed homeotic transformations and misexpression of HOX genes [del Mar Lorente et al., 2000] . Thus, it is not clear whether Ring1 A is needed for HOX gene silencing. Mice that are homozygous for a null mutation in Ring1 B die during gastrulation, making it difficult to assess the requirement for Ring1B in HOX gene silencing (Voncken et al., 2003) . However, recent studies show that mice carrying a hypomorphic Ring1 B mutation show very weak PcG phenotypes and subtle misexpression of HOX genes (Suzuki et al., 2002) . This suggests that at least RING1B is indeed required for HOX gene silencing in vertebrates.
In summary, the results of this study show that Sce encodes Ring and that, in Drosophila, the Sce/Ring protein is critically required for PcG silencing during embryonic and larval development.
Experimental procedures

Drosophila strains
The following strains were used in this study. 
Clonal analysis in imaginal discs and germ line clones
Mitotic clones in imaginal discs were generated by crossing the appropriate fly strains listed above and heatshocking the F1 larvae. Heat shock treatment was for 1 h in a 37 8C water bath; larvae were then allowed to develop for 96 h at 25 8C. Prior to dissection, larvae were subjected to another 1 h heat shock, followed by a 1 h recovery period, to induce expression of the GFP marker protein. 
Staining procedures and preparation of embryonic cuticles
Imaginal discs were stained as described , using antibodies against Ubx or Abd-B and GFP. Embryo staining and cuticle preparations were done following standard protocols.
Molecular characterization of Ring in Sce mutants
Genomic DNA was isolated from Sce 1 or Sce 33M2 heterozygous larvae. In both cases, genomic DNA spanning the Ring locus was amplified using primers A and B at the predicted 5 0 and 3 0 end of CG5595, respectively (primer A: 5 0 -TTGGTGTGAAAATGACGTCGCTGG-3 0 , primer B: 5 0 -TTTCCATTTCAGAAATAAACGGCC-3 0 ). After PCR amplification from Sce 33M2 heterozygotes, a single 1.4 kb fragment was obtained whereas amplification from Sce 1 heterozygotes consistently resulted in the production of a 1.4 and a 1.0 kb fragment. These PCR products were directly sequenced and also sublconed for sequence analysis; sequence analysis was performed on different independently amplified and cloned PCR products. Sequencing of the 1.0 kb fragment obtained in the case of Sce 1 revealed a deletion of 410 nucleotides; break 1 is disrupting Ring codon 323 and break 2 is located 12 nucleotides downstream of the Ring stop codon. The junction ( p ) has the following flanking sequence: 5 0 -…GGC GAG CTG GGC A p GTATTAGTAT…-3 0 ). In Sce 33M2 we found a single C ! T nucleotide substitution that changes the codon for Arg 65 to a codon for Cys; this alteration is not present on the parental FRT2A FRT82B chromosome used for the mutagenesis and it is also not present in the wild-type Sce þ allele on the balancer chromosome. With the exception of a few silent sequence polymorphisms, no other sequence changes were found in the Sce 1 or Sce
33M2
alleles compared to the wild-type Sce þ allele on the balancer chromosome.
